Objective-To determine whether the flight attendants who were exposed to secondhand tobacco smoke (SHS) in the aircraft cabin have abnormal pulmonary function.
INTRODUCTION
Secondhand tobacco smoke (SHS) consists of the side-stream smoke from the burning end of the cigarette, which contains the highest concentration of particulate matter, and the exhaled mainstream smoke (1, 2) . Exposure to SHS is associated with diverse health effects in nonsmokers. These adverse health outcomes include heart disease, lung cancer, asthma flares, chronic obstructive pulmonary disease (COPD), and upper airway problems such as sinusitis (3) (4) (5) (6) (7) (8) (9) (10) . Occupational exposure to SHS presents a substantial health risk to workers (11, 12) . Flight attendants who worked on commercial aircraft before the ban on cigarette smoking (preban flight attendants) were at potentially increased risk due to their previous high exposure to SHS in aircrafts. Flight attendants experienced poor air quality and high levels of SHS in aircraft before the smoking ban regardless of their class or cabin section (13, 14) . Furthermore, a pre-ban era chemical analysis of post-flight urine samples from these flight attendants has shown elevated levels of urinary cotinine (a major metabolite of nicotine) indicating the flight attendants had been exposed to substantial levels of tobacco smoke on these aircraft (15) .
While SHS exposure has been clearly established as a cause of cardiovascular diseases and lung cancer (4, 9, 10, (16) (17) (18) (19) (20) (21) , its effect on pulmonary function and development of COPD is less well studied. A few epidemiologic studies have reported associations between occupational or environmental SHS exposure and reduced lung function or the diagnosis of COPD in relatively large cohorts of both smokers and non-smokers based on multivariable regression analyses (3, 7, 22) . However, none of these studies has looked exclusively at the long term effects of SHS in a never-smoking cohort. Here, we report abnormal pulmonary function in an otherwise healthy cohort of never-smoking flight attendants who worked on commercial aircraft in the United States before the ban on cigarette smoking in flights. Our hypothesis was that the flight attendants who were previously exposed to SHS within the relatively confined space of aircraft suffer from SHS-related long-term damage to their lungs.
METHODS

Study Population
Between July 2003 and December 2007, we recruited 86 pre-ban female flight attendants as part of a clinical investigation of the health effects of the cabin environment on flight attendants employed before and after the ban on smoking on commercial aircraft. We recruited flight attendants by various means such as announcements at Flight Attendants Medical Research Institute (FAMRI) meetings, notices at union meetings, "word of mouth", and distribution of business cards. Flight attendants were eligible to participate in the study if they had worked for at least five years on aircraft before the airline ban on cigarette smoking, were never smokers (smoked no more than 100 cigarettes lifetime), and had no previous clinical diagnosis of cardiac or pulmonary diseases that could have adversely affected their pulmonary function. All subjects completed health and SHS exposure questionnaires, had a physical examination, and underwent pulmonary function testing.
From the initial 86 respondents, 21 subjects were excluded who were found to have history of tobacco use. Four other subjects were excluded due to history of illnesses that may have affected their lung function (one subject had received treatment for non-Hodgkin's lymphoma, two had history of hepatitis C infection, and one had history of Sarcoidosis). The remaining 61 subjects completed the health and SHS exposure questionnaire, and underwent pulmonary function testing. Due to incomplete information, the SHS exposure history (the number of preban years of employment) could only be computed accurately for 49 of these 61 subjects.
Subjects received no monetary compensation for participation in this study other than a meal and parking voucher. This study was approved by the UCSF Institutional Review Board, the Committee on Human Research.
Health and SHS exposure characterization
The SHS questionnaire is a modification of a SHS exposure questionnaire previously used by UCSF FAMRI Center of Excellence investigators (3). The questionnaire was modified to acquire information on airline-related occupational history including the employer airlines, the duration of employment, flight routes (domestic vs. international), and the cabin section. A copy of the SHS exposure questionnaire is available in our online supplement (http://links.lww.com/A1098).
The length of employment before and after the smoking ban was calculated using the dates of flight attendants' employment and the dates at which specific airlines enforced the smoking ban on their domestic or international routes. The smoking ban was introduced on different dates by successive congressional legislation; first for domestic flights of 2 hours duration or less, then for domestic and North American flights of 6 hours duration or less, then for international flights to Europe, and finally for all international flights. In addition, some airlines voluntarily banned tobacco smoking before the required date by federal legislation.
We defined "pre-ban years" as the number of years of employment before the smoking ban during which a flight attendant was exposed to SHS in the aircraft cabin. For each airline, we used the date of the ban on domestic and North American flights of 6 hours duration or less as those airlines' domestic cut-off for pre-ban years, and the ban date for all international flights as the cut-off for those specific airlines. If the ban was enforced after the first quarter of the year, that year was included as a pre-ban year. The smoking ban dates for domestic and international fights for airlines included in this study are listed in Table 1 (23, 24) .
Pulmonary function testing
Routine pulmonary function tests were performed on a dry rolling seal spirometer (Warren E. Collins Co., Braintree, MA, USA) in the seated position, including: flow-volume curve; spirometry (25) ; lung volume by single breath dilution (26, 27) , multiple breath helium dilution (28) , and plethysmograph (29); airway resistance during panting at functional residual capacity (FRC) (30, 31) ; and single breath carbon monoxide diffusing capacity (32) . Pulmonary function studies were conducted according to the American Thoracic Society (ATS) and European Respiratory Society (ERS) guidelines (33) (34) (35) (36) (37) (38) . Briefly, we selected a group of healthy, nonsmoking subjects (50 males and 50 females) from the San Francisco Bay area with no personal history of cardiopulmonary disease, who were skin test negative to six local allergens, with normal chest x-ray and physical exam, and who were matched for age-range, race and ethnicity, and environmental characteristics of the reference populations. We used similar instruments and lung function protocols as in the reference populations as recommended by the ATS. Wherever possible, we compared parameters taken from the same reference source. We selected the specific reference equation for each parameter that provided the sum of residuals closest to zero as the most appropriate for our laboratory. We used suitable adjustment factors for African Americans and Asian Americans, as suggested by the ATS (37). The percent predicted values for spirometry and diffusing capacity are based on Crapo's reference equations (39) ; the percent predicted values for lung volumes are based on Knudson's reference equations (40) . The largest coefficient of variation for diffusing capacity measurements in our laboratory among our biological standards is 4.1%. Body plethysmography was only performed in 40 subjects.
Data analysis
Distributions of subjects' characteristics (i.e., age, lung function) were computed for the 61 subjects, and distributions of different SHS exposure variables were computed in the subset of 49 subjects with complete pre-ban airline employment history. Differences in characteristics between the two groups with and without SHS exposure history were examined. Measures of lung function, based on percent predicted of normal, were calculated and examined with boxwhisker plots. Subjects' predicted diffusing capacity was calculated and plotted relative to subjects' observed diffusing capacity. The Wilcoxon signed-rank test was used as a nonparametric comparison of the paired variables (41) . The potential contribution of non-airline related SHS exposure to subjects' diffusing capacity was investigated by comparing the mean predicted values of subjects with airline SHS exposure only and those who reported additional non-airline SHS exposure (i.e., exposure during childhood and/or adulthood), in a subset of 46 subjects. One-way ANOVA was used to test for differences in mean predicted diffusing capacity between the different groups. Lastly, diffusing capacity, adjusted for age, height, hemoglobin, and total years of employment, was examined relative to pre-ban years of employment. All analyses were conducted in STATA (version 10.0) and SAS (version 9.1.3).
RESULTS
Subjects characteristics
Characteristics of the flight attendants are shown in Table 2 . Subjects were all healthy women between the ages of 47 and 79 with no complaint of cardiac or pulmonary symptoms. All subjects were relatively fit as indicated by their body mass index (BMI). Total years of airline employment varied in length between 7 and 50. Among subjects whose pre-ban years of service were known (49 of 61 subjects), the estimated years of pre-ban employment were between 3 and 45 representing a range of 15% to 100% of the total length of their active duty employment. The characteristics of the 12 flight attendants with unknown pre-ban years of employment were not significantly different than those of the rest of the cohort (data not shown). Details of subjects' pre-ban employment and other measures of SHS exposure are given below (Table  3) .
Secondhand tobacco smoke exposure
Detailed history of exposure was available from 49 of the participating 61 flight attendants. These data are presented in Table 3 . Total length of employment for these 49 subjects was comparable to the entire sample. The distribution of pre-ban years as a proportion of total flight years of employment indicated that for most subjects their employment overlapped with preban years such that the flight attendants with longer length of employment had disproportionately higher SHS exposure. Most subjects reported additional SHS exposure apart from exposure during their experience as flight attendants; however, it is expected that their non-airline related SHS exposure was relatively insignificant compared to the intensity of their exposure while aboard aircraft (Table 3) .
Spirometry and lung volumes
Pulmonary function measured by spirometry was, overall, within the normal range: FVC 3.48 ± 0.49L (109.1 ± 15.0 % predicted of age, height, and sex-adjusted normal value), FEV 1 2.62 ± 0.38L (104.2 ± 15.2 % predicted normal) with an FEV 1 to FVC ratio of 0.76 ± 0.05 indicating no overt evidence of airway obstruction by these tests (only eight out of 61 subjects had mildy decreased ratio below 0.70). In addition, airway resistance by plethysmography was also normal: 2.03 ± 0.74 cmH 2 O/LPS (N=40 for airway resistance). However, the flow-volume curves were curvilinear and the maximal airflow at mid-and low-lung volume was on average significantly decreased suggestive of an obstructive ventilatory defect: FEF 25-75% 2.22 ± 0.66 L/s (88.7 ± 25.0 % predicted normal), FEF 50% 3.20 ± 0.97 L/s (70.6 ± 21.9 % predicted normal) and FEF 75% 0.81 ± 0.35 L/s (38.1 ± 19.1 % predicted normal) (Wilcoxon signed-rank test p<0.05; N=61) ( Figure 1) . Moreover, there was also associated air trapping, reflected by the increased difference (0.49 ± 0.25 L; Wilcoxon signed-rank test p<0.001; N=40) between total lung capacity measured by plethysmography (TLC) (5.23 ± 0.57 L; 103.2 ± 10.3 % predicted normal) and by single breath dilution (V A ) (4.73 ± 0.58 L; 92.7 ± 10.3 % predicted normal).
Diffusing capacity
The single breath carbon monoxide diffusing capacity was abnormally decreased as shown in Table 4 . Thirty one of the 61 subjects (51%) had diffusing capacity adjusted for hemoglobin below the 95% prediction limit of their normal values for their sex, age, and height, based on Crapo's reference equations (39) (Figure 2 ). Subjects' diffusing capacity means did not differ between those subjects who reported additional non-airline related SHS exposure and those who reported exposure only on board of aircraft during their employment as flight attendants (F-test: p<0.50) ( Table 5 ).
DISCUSSION
In this study, we found that our 61 never-smoking female flight attendants who worked on commercial aircraft before the ban on cigarette smoking in flights had on average significantly decreased diffusing capacity, with 51% of them having diffusing capacity below the lower limit of the 95% prediction interval for their sex, age, and height. In addition, these same flight attendants had decreased maximal airflow at mid-and low-lung volumes as well as pulmonary function evidence of air trapping suggestive of airflow obstruction. Although these pulmonary function abnormalities are consistent with the presence of a mild degree of COPD, our cohort on average had a normal FEV 1 to FVC ratio (only 8 out of 61 subjects had ratios less than 0.70) and thus does not meet the GOLD criteria for mild COPD (42) . Despite this, the pulmonary function of these pre-ban flight attendants, particularly their diffusing capacity, is abnormal.
Furthermore, we developed a questionnaire-based estimate of air cabin-related occupational SHS exposure for our cohort of flight attendants by determining the number of pre-smoking ban years they had worked on domestic and international flights. We found that on average our cohort of flight attendants had served 74.6 ± 20.7 % of their active duty time in the presmoking ban era, which reflects that they had experienced considerable occupational SHS exposure. We then examined but did not find any association between the years of pre-ban employment, our surrogate of SHS exposure, and adjusted diffusing capacity (data not shown). However, our relatively small sample size along with other confounding factors, such as healthy worker effect (i.e. those employed longer had higher diffusing capacity) and possible exposure misclassification, limit our ability to draw any conclusion from this lack of association.
Occupational exposure to tobacco smoke has been an important source of SHS exposure in adults (15, (43) (44) (45) (46) (47) and presents a substantial health risk to workers (11, 12) . Indeed, abnormal lung function has been reported in men exposed to SHS at their workplace (48, 49) . Masi estimated that a never-smoking young woman who worked in an SHS-contaminated office would have her diffusing capacity reduced by three units below the value observed if she worked in a smoke-free office environment (46) . Recently, Rizzi et al reported for the first time that current exposure to SHS in a cohort of healthy male adolescents was associated with decreased diffusing capacity; this lung function impairment was independent of exposure to maternal smoking during pregnancy, but it was dependent on the amount of exposure to SHS (50).
Air cabin-related SHS exposure in particular presented a substantial occupational health risk for the flight attendants because their SHS exposure occurred within the relatively confined space of commercial aircraft, which resulted in high intensity SHS exposures. Studies based on urine and serum concentrations of cotinine, a biomarker of exposure to tobacco smoke, have shown that, during the pre-ban era, the flight attendants experienced 6 to 7 times the SHS exposure compared to airlines ground-based workers, and 14 times that of the average person (51) . In fact, the urinary cotinine levels in these flight attendants approached the levels that are observed in active cigarette smokers (52) . This is important especially as the environmental condition of the aircraft cabin, including extremely low humidity (mean humidity of 5%) (13) and presence of air pollutants such as ozone (53) , may have a compounding influence on the effects of SHS on lungs (54).
Recently, Ebbert et al reported an association between sinusitis, middle ear infection, and asthma symptoms and the hours of time spent in a smoky cabin among never-smoking pre-ban flight attendants (55) . Our study extends the Ebbert et al study by showing that the neversmoking pre-ban flight attendants who have a significant history of occupational SHS exposure have abnormal pulmonary function suggestive of long-term damage to their lungs as seen in COPD.
Our study is limited by several factors. First, the small sample size of the study limits its statistical power. Second, recruitment in our study was not based on a random selection of flight attendants who flew prior to the ban on smoking on commercial aircraft, and thus the study population may not be a representative sample of the larger population of pre-ban flight attendants. We offered a comprehensive cardiopulmonary exam to all of flight attendants as an integral part of the study, but did not offer any other form of financial reimbursement. Therefore, subjects who joined this study may have done so for reasons related to underlying health concerns (although asymptomatic based on their answers to our questionnaire), employment status (e.g., retired), or other reasons (e.g., ability to travel to the clinic).
The sixty-one subjects selected for the current study had no smoking history, no pulmonary disease, and no underlying health problems that could have affected their lung function. Subjects' ages indicate that they were older on average (mean 59.2 years, range 47-79) than flight attendants who flew prior to the airline smoking ban, based on data available from larger studies (56), although we did not find this to account for the decrease in their diffusing capacity levels. While the study population may not reflect a wider population of pre-ban women flight attendants, it does constitute a group of relatively healthy older flight attendants from the preban era known to have no underlying respiratory disease and for whom objective measures of lung function could be obtained.
Third, our study could not fully control for factors, other than aircraft SHS (e.g. SHS in childhood, adulthood, or other cabin effects such as exposure to ozone, low atmospheric pressures, or low humidity), that may have contributed to the decrease in subjects' diffusing capacity levels. We did inquire whether participants were ever exposed to SHS in childhood or in their adult years when not aboard aircraft. However, for these exposures, we did not develop a SHS exposure surrogate similar to the one that we used for quantification of the flight attendants airline exposure. As discussed above, studies have shown that the concentration of aircraft SHS exposure was particularly high and considerably more than most other sources of environmental or occupational SHS exposure (51) . In addition, while we were able to calculate the duration of aircraft SHS exposure with relative accuracy by determination of flight attendants' dates of employment, we expected the calculation of non-airline related SHS exposure would be more subject to recall bias. In our analysis, however, we did investigate the potential impact of any non-airline SHS exposure that the flight attendants may have received. Our results indicated that the diffusing capacity was not significantly different between the subjects who reported any additional non-airline SHS exposure and those who reported no additional exposure. It is possible that subjects' non-airline SHS exposure in these instances was negligible compared to the exposure they received aboard aircraft. Other studies have quantified the differences in SHS exposure from aircraft and other sources (51), though we were not able to verify these differences with our data.
Given these limitations, our study represents an initial step toward improved understanding of the health effects of aircraft SHS exposure in otherwise healthy older flight attendants based on objective measures of pulmonary function.
In conclusion, we found that in our cohort of 61 never-smoking pre-ban flight attendants, single breath carbon monoxide diffusing capacity and maximal airflow at mid-and low-lung volumes were significantly decreased suggestive of long-term damage to the lungs of these flight attendants. The most likely factor contributing to the pulmonary function abnormalities in these never-smoking pre-ban flight attendants is their occupational exposure to SHS in commercial aircraft. Further studies of a larger number of pre-ban as well as post-smoking ban flight attendants and better assessment of their cabin-related exposure to SHS and other pollutants may help identify the causes of these abnormalities.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Diffusing capacity (adjusted for hemoglobin) of flight attendants compared to 95% prediction limits of their predicted values (N=61). Subjects are presented in increasing order of their predicted diffusing capacity. Black solid line: predicted diffusing capacity; dash lines: upper and lower 95% prediction limits; black dots: diffusing capacity of flight attendants. 
